The first and second molal dissociation constants of oxalic acid were measured potentiometrically in a concentration cell fitted with hydrogen electrodes. Measurements were made at six temperatures ranging from 5°C to 125°C at four ionic strengths ranging from 0.1 mol‚kg -1 to 1.0 mol‚kg -1 (NaCl and NaCF 3 -SO 3 ). The second molal dissociation constant was measured in NaCF 3 SO 3 media only. The data obtained in this study were combined with the corresponding literature values, including a number of recalculated Harned cell and concentration cell measurements and previous results from this laboratory. Data for first molal dissociation constant obtained in the two ionic media were regressed simultaneously to yield a five-term equation that describes the dissociation in the anionic form. The thermodynamic properties obtained at 25°C and infinite dilution are: log K 1a Q ) -1.401 ( 0.052, ∆H 1a ) (-0.7 ( 0.7) kJ‚mol -1 , ∆S 1a ) (-29 ( 2) J‚K -1 ‚mol -1 , and ∆C p,1a ) (-231 ( 6) J‚K -1 ‚mol -1 . Similar treatment of the original and recalculated data for the second molal dissociation constant yielded a nine-term equation and the following values at 25°C and infinite dilution: log K 2a Q ) -4.264 ( 0.014, ∆H 2a ) (-7.3 ( 0.5) kJ‚mol -1 , ∆S 2a ) (-106 ( 2) J‚K -1 ‚mol -1 , and ∆C p,2a ) (-229 ( 27) J‚K -1 ‚mol -1 .
Introduction
Ethanedioic acid (oxalic acid) is an important biochemical and industrial compound. It is ubiquitous in soils where its concentration is buffered by the presence of the minerals whewellite (CaC 2 O 4 ‚H 2 O) and weddelite (CaC 2 O 4 ‚2H 2 O), and it plays a significant role in nutrient availability (Graustein et al., 1977) . Because of its ability to form strong complexes with metals, oxalic acid is used to decontaminate the cooling circuits of water-cooled nuclear reactors (Ayres, 1970) , and there is considerable interest in the use of oxalic acid to clean kaolin and quartz sand for use by the ceramic industry (Vegliò et al., 1996; Ubaldini et al., 1996) . The biochemical, geochemical, and industrial significance of oxalic acid have led to significant interest in the behavior of the compound in high-temperature water (e.g., Bayri et al. (1996) ). A recent report (Kettler et al., 1991) from this laboratory examined the dissociation of oxalic acid following the reactions and in aqueous sodium chloride media to 175°C. The respective molal dissociation constants for eqs 1 and 2 are defined as and The standard equilibrium constants for eqs 1 and 2 are K 1a Q and K 2a Q , respectively, and are defined in the usual way (Mills et al., 1993) . The standard state used in this paper is a 1 mol‚kg -1 solution behaving as though it were infinitely dilute at the saturation vapor pressure for water at the temperature of interest.
It is difficult to prepare oxalic acid solutions that have low ionic strength: the acid is a strong one and contributes hydrogen, bioxalate, and oxalate ions to the solution. Therefore, the fitting process in the earlier report (Kettler et al., 1991) relied heavily on previously published data (Table 1) in order to extrapolate the molal dissociation constants to infinite dilution. These data included conductance measurements at 25°C (Darken, 1941) , glass electrode measurements (Kurz and Farrar, 1969) , potentiometric data obtained using electrochemical cells without liquid junctions (Parton and Gibbons, 1939; McAuley and Nancollas, 1961) , and titration calorimetry measurements (Christensen et al. 1967) . The generally accepted value for pK 1a,298 Q is 1.25 (Martell and Smith, 1977) and is derived largely from the McAuley and Nancollas (1961) measurements (Table 1) . The acceptance of a single value for pK 1a,298 Q belies the wide variety of results reported for the first dissociation at 25°C and low values of ionic strength. Measurements in 0.1 mol‚kg -1 NaClO 4 yield pK m,1a values as high as 1.37 (Table 1) (McAuley and Nancollas, 1960) , a value that will increase if extrapolated to infinite dilution. † Tel: 402-472-2663. Fax: 402-472-4917. E-mail: rkettler@ unlinfo.unl.edu. ‡ Tel: 423-574-6903. Fax: 423-574-4971. E-mail: dqw@ornl.gov. § Tel: 423-576-5109. Fax: 423-574-4971. E-mail: ddp@ornl.gov 
Moreover, Choppin and Chen (1996) have reported a value of 1.42 for pK 1a,298 Q recently. Subsequent to the earlier report (Kettler et al., 1991) , measurements of K m,1a and K m,2a were made in aqueous sodium trifluoromethanesulfonate (Na-triflate) media in this laboratory. These later measurements are inconsistent with the low-temperature (<75°C) extrapolations published in the earlier report and have prompted a reexamination of the data in the earlier report as well as those data available in the literature for this system. This paper reports the measurement of K m,1a and K m,2a in Natriflate media, the results of additional measurements of K m,1a in aqueous NaCl media, and the results of a fitting process that incorporates values obtained by recalculating and refitting previously published data. An improved set of equations describing the dissociation of oxalic acid is given as is a significant revision in the widely accepted value for pK 1a Q at 25°C.
Experimental Section
Materials. Stock solutions of HCl, NaOH, and NaCl were prepared using reagent-grade chemicals and water that had been purified in a Barnstead four-stage deionizing/ purification system to yield water with a resistivity of 0.18 MΩ‚m . The stock solutions were sparged and stored under argon. Concentrated reagent-grade (Aldrich Chemical Co., lot AQ06628DN) trifluoromethanesulfonic (triflic) acid was purified by vacuum distillation (Palmer and Drummond, 1988) . Crystalline Na-triflate was synthesized by reacting concentrated triflic acid with an equivalent amount of concentrated NaOH and recrystallizing the resulting solid from an ethanolic solution (Palmer and Drummond, 1988) . Stock solutions of the acid and salt were prepared by combining the purified analyte with water. Stock solutions of oxalic acid were prepared from reagent-grade H 2 C 2 O 4 ‚2H 2 O (Mallinckrodt, lot NTP) and water. The concentrations of all stock solutions were measured by acidimetric titration (after cation exchange when necessary) with the NaOH stock solution.
Ratios of total oxalate to supporting electrolyte ranged from 1:8.6 in the most dilute solutions to 1:94 in the more concentrated solutions (Tables 2 and 3 ). Ratios of acid to supporting electrolyte in the reference solutions were varied depending on whether the experiments were designed to measure the first or second molal dissociation constants. Although these ratios were typically ∼1:18 in experiments to measure K m,1a , in experiments at ionic strengths of 0.3 mol‚kg -1 the ratio was ∼1:60 (Tables 2 and  3 ). Sufficient acid was added to the corresponding test solutions to produce a formal concentration of 0.005 mol‚kg -1 to 0.05 mol‚kg -1 (Tables 2 and 3) ; the addition of acid was required to maintain sufficiently high degrees of association to permit accurate measurement of K m,1a .
The reference solutions used in experiments to measure K m,2a had triflic acid to sodium triflate ratios 1:59 or less and were typically less than 1:119 (Table 3 ). The corresponding test solutions were prepared by combining the oxalic acid and sodium hydroxide stock solutions in a 2:3 molal ratio (Table 3) .
Apparatus and Procedures. The modified hydrogenelectrode concentration cell used in these experiments has been described in detail previously (Mesmer et al., 1970; Wesolowski et al., 1984; Kettler et al., 1991; Palmer and Hyde, 1993) The solution compositions listed in Tables 2   and 3 refer to the cell configuration where X refers to chloride or triflate. The experimental procedure described previously (Kettler et al., 1991) was used in this study with two modifications: (1) the porous Teflon liquid junction was saturated with reference solution prior to each experiment, and (2) the cell was allowed to equilibrate overnight at 5°C. The upper temperature limit (125°C) was imposed by drifting potentials produced by decomposition of oxalic acid. Stable potentials were achieved at all temperatures reported in this study.
Results
The measured potentials (Tables 4-6) can be related to the molal concentration of hydrogen ions by the Nernst equation Pt, H 2 |H 2 C 2 O 4 , HX, NaOH, NaX||HX, NaX|H 2 , Pt
where E is the measured potential, R is the gas constant, F is the Faraday constant, T is the thermodynamic temperature, and The liquid junction potential (Tables 4-6 ) is evaluated using the full Henderson approximation (eq 2-12 in Baes and Mesmer (1976) ). Conductance data for H + , OH -, Cl -, Na + , HSO 4 -, and SO 4 2-were obtained from Quist and Marshall (1965) , whereas those for CF 3 SO 3 -were obtained from Ho and Palmer (1995) . The limiting molar conductances of bioxalate and oxalate were assumed to be identical to bisulfate and sulfate, respectively. Uncertainties introduced by this approximation are probably small: the conductances of oxalate and bioxalate at 25°C are within 25% of those for sulfate and bisulfate (Robinson and Stokes, 1959) . The calculated liquid junction potential changes by less than 10% if the conductances assigned to bioxalate and oxalate are doubled. This value is well within the 25% error assigned to the liquid junction potential by using the Henderson equation (Mesmer and Holmes, 1992) . The degree of association (n j, Tables 4-6) is calculated from where m(X) denotes the stoichiometric molal concentrations of the designated species. For measurements of the first molal dissociation constant, the molal concentration of bioxalate was calculated from the proton balance expression whereas the concentration of undissociated oxalic acid was calculated from mass balance considerations
The parallel equations for the second molal dissociation constant are and Values of K m,1a and K m,2a were then calculated using eqs 3 and 4.
Discussion
Fitting Process. In a number of previous reports (Kettler et al., 1991 (Kettler et al., , 1992 (Kettler et al., , 1995a Bell et al., 1993; Bénézeth et al., 1997 ) from this laboratory, it has become apparent that the fitting process is simplified if the dissociation reactions are iso-Coulombic or pseudo-iso-Coulombic. This serves to minimize ∆z 2 and hence reduce the degree of electrostriction (Lindsay, 1980) . The Debye-Hü ckel limiting slope, changes in heat capacity, and changes in volume are thus minimized. This approach is achieved by recast- 
[
ing eqs 1 and 2 in the base or anionic forms and for which the molal dissociation constants are defined by and 
The values for log K m,na are converted to the respective values for log K m,nb by the subtraction of the appropriate values for log K m,w as measured in Na-triflate (Palmer and Drummond, 1988) or NaCl media (Busey and Mesmer, 1978) . The standard equilibrium constants for eqs 11 and 12 are designated by K 1b Q and K 2b Q , respectively, are defined in the usual way (Mills et al., 1993) , and are equal to the products of the equilibrium activities of the species listed in eqs 11 and 12 raised to the respective stoichiometric numbers.
The ORGLS (Busing and Levy, 1963 ) general leastsquares routine was used to perform a weighted regression of the data. The fitting process was an iterative one because the solution speciation can only be calculated if one of the molal dissociation constants is known and because five separate data sets were used in the fitting process. These data sets comprised measurements of (1) K m,1b and K m,2b made in Na-triflate media (Tables 5 and  6 ), (2) K m,1b made in NaCl media (Table 4) , (3) K m,1b and K m,2b in NaCl reported by Kettler et al. (1991) (Tables 7  and 8 ), (4) K m,2b made by Harned and Fallon (1939) , and (5) K m,2b made by Pinching and Bates (1948) . The latter two sets of measurements were made using Harned cells.
Several of the data sets that were used in the previous fitting process (Kettler et al., 1991) have been omitted here. Although the glass electrode measurements of Kurz and Farrar (1969) (Table 1) were utilized previously, those authors did not publish sufficient data to permit recalculation of the values of K 1a Q reported originally. The titration calorimetry measurements of Christensen et al. (1967) were not reported in sufficient detail to permit recalculation of ∆H on the basis of the results of this study. Measurements by Parton and Gibbons (1939) using a cell without a liquid junction were limited to a few values collected at 25°C (Table 1) , and although McAuley and Nancollas (1961) reported results obtained from Harned cell measurements at five temperatures from 0°C to 45°C, solution compositions and potentials were presented only for the measurements at 25°C.
The fitting process involved (1) calculation of values for K m,2b using the most recent equations describing K m,1b , (2) extrapolation of the Harned and Fallon (1939) and Pinching and Bates (1948) data to infinite dilution to obtain values of K 2b Q at temperatures from 0°C to 50°C, (3) fitting the data for K m,2b collected in NaCl and Na-triflate media simultaneously with the values for K 2b Q obtained in the previous step, (4) calculation of values for K m,1b using the models developed for K m,2b in NaCl and Na-triflate media, and (5) performing a simultaneous fit of the data for K m,1b in NaCl and Na-triflate media. This process was repeated until the values of K m,1b and K m,2b obtained in consecutive iterations agreed to within 0.0001 log units.
Recalculation of Data Published Previously. Because the fitting process is iterative, the experimental values of K m,na and K m,nb obtained in our previous study (Kettler et al., 1991) have been recalculated using eqs 9-14 and are presented in Tables 7 and 8 . The Harned cell data (Harned and Fallon, 1939; Pinching and Bates, 1948 ) are well-documented and recognized to be of high quality and should therefore be included in the fitting process. To ensure consistency with the data presented in this study, particularly with regard to calculation of activity coefficients, the Harned cell data have been recalculated using the Nernst equation where γ(X) refers to the activity coefficient of the designated ion. Values for the standard potential (E°) of the AgCl electrode have been taken from Bates (1964) . The activity coefficients are calculated using the extended Debye-Hü ckel equation of Pitzer (1973) where and A φ is the Debye-Hü ckel osmotic coefficient parameter (calculated using eq 9 in Dickson et al. (1990) ), whereas the ionic strength is represented by I. After eq 15 was solved for [H + ], the oxalate species were distributed according to eqs 11-14 and K m,2a was calculated from K m,2b using the molal dissociation constant of water (Busey and Mesmer, 1978) .
Fitting of Harned Cell Data. The Harned and Fallon (1939) data set comprises 87 measurements made at 11 different temperatures from 0°C to 50°C in 8 different solutions with ionic strengths ranging from ∼0.03 mol‚kg -1 to ∼0.15 mol‚kg -1 . Each solution had the same ratio of oxalate to chloride (2:1), so that all of the data could be treated as a single set. Regression of the log K m,2b values as a function of temperature and ionic strength yielded where and a w is the activity of water (Busey and Mesmer, 1976) . The first term in eq 17 defines the extended Debye-Hü ckel limiting slope (Pitzer, 1973) , whereas parameters p 1 and p 2 define log K 2b Q and the remaining quantify the deviation from the limiting law. The values of parameters p 1 -p 4 are shown in Table 9 . The goodness of fit is quantified using the agreement factor where W is the squared reciprocal of the estimated error assigned to any individual determination of log K m , N is 
the number of observations, and N v is the number of independent variables in the fit. The agreement factor for the Harned and Fallon (1939) regression is 0.23 and indicates that the actual scatter around eq 17 is 0.23 times the anticipated scatter using the uncertainties in solution composition and potentials given by Harned and Fallon. The values of K 2a Q derived from this regression after multiplication by the standard dissociation constant of water (Busey and Mesmer, 1978) differ from the values originally reported by Harned and Fallon (1939) by ca. -0.03 log units (cf . Table 10 with Table 1 ).
The data collected by Pinching and Bates (1948) comprised 617 measurements made at 11 temperatures in 4 different ionic media. These experiments were classified into seven different series. Series 1-4 were performed in solutions in which the ratio of total oxalate to chloride was 2.4:1. Series 5 was performed with solutions in which this ratio was 6:1, whereas the ratios for series 6 and 7 were 10:1 and 2:1, respectively. The values obtained are sufficiently different in the various ionic media (Figure 1 ) that four different extrapolations to infinite dilution were performed to correspond to the different ionic media. The best fit in each case was provided by eq 17 using the parameters listed in Table 9 . The values of pK 2a Q obtained from the series 5-7 data were in excellent agreement with the values obtained by recalculation and regression of the Harned and Fallon (1939) data (Table 10) . The values of pK 2a Q obtained from the series 1-4 data are ca. 0.01 log units greater than those reported in the original study. The overall effect is that the difference between the values of pK 2a Q obtained from these two groups decreases from ca. 0.025 log units to 0.01 log unit (cf. Table 10 with Table  1 ).
Fitting of the First Molal Dissociation Constant of
Oxalic Acid. The fitting process for the first dissociation of oxalic acid in the base form (eq 13) utilized only those data in Tables 4, 5 , and 7. The data, which were obtained in NaCl and Na-triflate media, were fitted simultaneously yielding a five-parameter function of temperature and ionic strength where p 1 and p 2 define the logarithm of the standard equilibrium constant (K 1b Q ), p 3 applies to both NaCl and Na-triflate media, p 4 is used only in NaCl media, and p 5 applies only to Na-triflate solutions. The values determined for the five parameters are p 1 ) 2.683 85, p 2 ) 2954.02, p 3 ) 0.234 331, p 4 ) 0.040 461 8, and p 5 ) -0.041 847 3. This function provides an excellent fit to data in both NaCl and Na-triflate media (Figures 2 and  3) ; the agreement factor for this model is 0.79, and the residuals of the regression are distributed randomly when plotted against ionic strength and temperature (Figure 4) . Values of log K m,1a obtained by adding the results of eq 20 to the logarithm of molal dissociation constant of water (Palmer and Drummond, 1988; Busey and Mesmer, 1978) are presented in Tables 11 and 12 . Although eq 20 is Relation between log Km,1b and solution ionic strength to 1 mol‚kg -1 . The dashed curves are generated from eq 20 when solved for NaCl media, whereas the solid curves are generated when eq 20 is solved for Na-triflate media. The symbols represent measurements made in NaCl media reported in Tables 4 and 6 (O), measurements made in Na-triflate media reported in Table 5 (]), the 25°C measurements reported by McAuley and Nancollas (1961) and Parton and Gibbons (1939) , (b), the value reported by Cruywagen et al. (1986) (1), and measurements made in NaClO 4 and KNO3 media listed in Table 1 ([). Measurements reported as Km,1a in NaClO4 and KNO3 solutions were converted to Km,1b using values for Km,w in NaClO4 and KNO3 solutions as reported by Maeda et al. (1987) .
strictly valid only to I ) 1 mol‚kg -1 in Na-triflate media, it applies up to I ) 5 mol‚kg -1 in NaCl media and is valid from 0°C to 125°C in both media. The model presented in eq 20 is in good agreement with a value obtained by Cruywagen et al. (1986) at 25°C in 1 mol‚kg -1 NaCl solution (Figure 2 ). On the other hand, measurements made in NaClO 4 and KNO 3 media differ significantly from those reported here (Figures 2 and 3) , and the media-dependent variations noted in the first paper (Kettler et al., 1991) are preserved in these data. A potentially greater problem results from the fact that the value of pK 1a,298 Q obtained from eq 20 is in poor agreement with the generally accepted value of pK 1a,298 Q obtained by McAuley and Nancollas (1961) and the similar value reported by Parton and Gibbons (1939) (Table 1) . These two data sets were recalculated to better compare them with the model presented in eq 20. The former set comprises nine measurements made in oxalate-NaCl solutions with ionic strengths ranging from 0.003 mol‚kg -1 to 0.012 mol‚kg -1 , whereas the latter set comprises eight measurements made in oxalate-KCl solutions with ionic strengths ranging from 0.008 mol‚kg -1 to 0.131 mol‚kg -1 . These data were recalculated using eqs 15 and 16 after adjustment of the standard potential. McAuley and Nancollas (1961) reported the difference in potential after subtraction of the standard potential of the Ag-AgCl electrode; the source of their standard potential values was not cited. Their potential data were used as reported. Parton and Gibbons (1939) performed their experiments in cells equipped with Pt-quinhydrone and Ag-AgCl electrodes; this report uses the standard potential values of Harned and Wright (1933) . The resulting values of K m,1b were extrapolated independently to infinite dilution using an isothermal form of eq 20
The errors associated with the values of pK 1b Q obtained Tables 4 and 7 and eq 20 as a function of (a) ionic strength and (b) temperature. Symbols designate measurements made in NaCl media (O, Tables  4 and 7) and Na-triflate media (], Table 5 ). -1.443 ( 0.057 6.0 ( 0.9 -6 ( 3 -317 ( 18 25 -1.401 ( 0.052 -0.7 ( 0.7 -29 ( 2 -231 ( 6 50 -1.447 ( 0.047 -5.9 ( 0.8 -46 ( 2 -186 ( 5 75 -1.540 ( 0.046 -10.3 ( 0.9 -59 ( 3 -169 ( 5 100 -1.664 ( 0.050 -14.5 ( 1.0 -71 ( 3 -174 ( 5 125 -1.811 ( 0.051 -19.1 ( 1.0 -83 ( 3 -197 Figure  5 ). Therefore, no significant discrepancy exists between the data used to produce the generally accepted value of pK 1a,298 Q and the model developed in this study when the former are recalculated using a more modern activity coefficient model and more recent measurements of K m,2a .
Values of ∆H 1b , ∆S 1b , and ∆C p,1b can be obtained by differentiation of eq 20. These values are converted to those appropriate for the acid form of the dissociation reaction (Tables 11 and 12 ) by adding the corresponding values for the dissociation of water (Palmer and Drummond, 1988; Busey and Mesmer, 1978) . The available enthalpy data (Table 1) are in poor agreement with those determined in this study (Christensen et al., 1967) . The values of pK 1a,298 Q used or obtained in those previous studies are significantly different from the value measured in this study. The values of ∆C p,1a (Tables 11 and 12) obtained are identical in the two media and are equal owing to the functional form of eq 20, which invokes zero heat capacity change for the iso-Coulombic reaction.
Fitting of the Second Molal Dissociation Constant of Oxalic Acid. A model to describe the dependence of K m,2b as a function of temperature and ionic strength was developed by regressing the measurements made in Natriflate media (Table 6 ) simultaneously with the recalculated measurements made in NaCl media (Table 8) and 0.9 -17 ( 3 -193 ( 3 50 -1.032 ( 0.044 -3.2 ( 0.8 -30 ( 3 -135 ( 3 75 -1.085 ( 0.043 -6.1 ( 0.8 -38 ( 3 -107 ( 3 100 -1.160 ( 0.045 -8.7 ( 0.8 -45 ( 2 -101 ( 4 125 -1.247 ( 0.047 -11.3 ( 0.8 -52 ( 3 -110 ( 4 a Errors listed represent three times the standard deviation. . Relation between log Km,2b and solution ionic strength to 1 mol‚kg -1 . The dashed curves are generated from eq 22 when solved for NaCl media, whereas the solid curves are generated when eq 20 is solved for Na-triflate media. The symbols represent measurements made in NaCl media reported in Table 8 (O), measurements made in Na-triflate media reported in Table 6 (]), and the recalculated results of Harned and Fallon (1939) (3) and Pinching and Bates (1948) (4, series 1-4 only).
Figure 7.
Relation between log Km,2b and solution ionic strength to 5 mol‚kg -1 . The lines are generated by solving eq 22 for NaCl media. The symbols represent the measurements made in NaCl media reported in Table 8. values of K 2b Q obtained by regression of the recalculated Harned cell data (Table 10) . Only a subset of these K 2b Q values was used; specifically, the results of the Harned and Fallon regression and the results of the Pinching and Bates series 1-4 measurements. Use of the results of all the Harned cell regressions would have given excessive weight to these previously published data. The series 1-4 measurements were used because they comprise 394 of the 617 measurements made by Pinching and Bates (1948) and were the sole data used by those authors to calculate
The model obtained from this simultaneous fit is where the first term is the Debye-Hü ckel contribution (Pitzer, 1973) , the logarithm of the standard equilibrium constant (K 2b Q ) is defined by parameters p 1 through p 4 , p 5 applies to both NaCl and Na-triflate media, parameters p 6 through p 8 apply to NaCl media only, and p 9 applies to Natriflate media only (Palmer and Drummond, 1988; Busey and Mesmer, 1978) . These values are reported in Tables  13 and 14 and are in good agreement with the recalculated Harned cell data, particularly with the recalculated Harned and Fallon (1939) measurements. Whereas eq 22 is strictly valid for Na-triflate solutions at temperatures up to 125°C
and values of ionic strength to 1.0 mol‚kg -1 , the limits in NaCl solutions are 175°C and 5.0 mol‚kg -1 , respectively. Tables 6 and 8 as a function of (a) ionic strength and (b) temperature. Symbols designate measurements made in NaCl media (O, Table 8 ) and Na-triflate media (], Table 6 ) and the recalculated measurements of Harned and Fallon (1939) (3) and Pinching and Bates (1948) (4, series 1-4 only). Numerical differentiation of eq 22 using the ORGLS program yields ∆H 2b , ∆S 2b , and ∆C p,2b which were converted to the equivalent values for the acid form (Tables  13 and 14) . Although the value obtained for ∆H°2 a at 25°C
is not in good agreement with the value reported by Christensen et al. (1967) , it is preferred because it is constrained tightly by the precise Harned cell measurements (Table 10) . On the other hand, the titration calorimetry experiments were performed over a very narrow temperature range, and ∆H was assumed to be independent of I over the narrow range of ionic strength in which the titrations were performed (Christensen et al., 1967) .
Conclusions
Although the revisions proposed here to the generally accepted values describing the dissociation of oxalic acid are relatively minor, they do clarify the apparently anomalous behavior of the dissociation constants of oxalic acid at low temperatures. Previous work in this laboratory (Mesmer et al., 1989; Bell et al., 1993; Kettler et al., 1991 Kettler et al., , 1992 Kettler et al., , 1995a has shown that most carboxylic acids become increasingly dissociated with increasing temperature followed by reassociation at higher temperatures (viz., the temperature dependence of log K m,na reverses with increasing temperature). As the concentration of a supporting electrolyte increases, the temperature at which this reversal occurs also increases. The reassociation is driven by the decline in the value of T∆S a that is a consequence of hydration of the product ions (Mesmer et al., 1988) . The negative value of T∆S a is offset by ∆H a in solutions with high ionic strength and low temperatures: ∆H a is dominated by the breaking of the H-anion bond rather than by the hydration of the product ions (Mesmer et al., 1988) . The first dissociation of oxalic acid had been an exception to this trend: values of log K m,1a became more negative with increasing temperature irrespective of the solution ionic strength (Kettler et al., 1991; McAuley and Nancollas, 1961; Kurz and Farrar, 1969) . The data in Tables 11 and  12 are evidence that the behavior of oxalic acid is not anomalous, but rather that previously published schemes were inadequate for treating a diprotic acid with closely spaced pK 1a Q and pK 1b Q values; a problem exacerbated by the relatively low pK 1a Q value. The differences in the values of log K m,na in the two different ionic media are very small and exceed the assigned errors only at temperatures above 50°C and values of ionic strength of 1 mol‚kg -1 . The small differences result from similarities in ∆S 1a . On the other hand, values of ∆H 2a and ∆S 2a in the two media do differ by amounts exceeding the combined errors even when the values of log K m,2a are not significantly different. Values of ∆H 2a obtained in NaCl media are greater than those obtained in Na-triflate media. The difference in ∆H 2a values is partially offset by the differences in ∆S 2a values; the latter are also greater in NaCl media than in Na-triflate media.
The results of this study revise the generally accepted values for the dissociation of oxalic acid at low temperatures and ionic strengths and present some new measurements for the dissociation of oxalic acid in Na-triflate media. These revisions clarify the thermodynamics of the first dissociation of oxalic acid and are evidence that oxalic acid behaves similarly to other carboxylic acids in aqueous solutions. The measurement of the molal dissociation constants of oxalic acid in Na-triflate solutions provides the information necessary to measure the association quotients of a variety of metal-oxalate complexes in a noncomplexing electrolyte. -3.768 ( 0.010 -0.5 ( 0.9 -74 ( 3 -259 ( 27 25 -3.814 ( 0.005 -6.5 ( 0.4 -95 ( 1 -221 ( 20 50 -3.924 ( 0.006 -11.7 ( 0.3 -111 ( 1 -200 ( 13 75 -4.072 ( 0.006 -16.6 ( 0.4 -126 ( 1 -199 ( 8 100 -4.247 ( 0.008 -21.8 ( 0.4 -140 ( 1 -218 ( 14 125 -4.441 ( 0.009 -27.7 ( 0.6 -154 ( 2 -257 ( 27 I ) 0.5 mol‚kg -1 0 -3.532 ( 0.012 -0.3 ( 0.9 -69 ( 3 -248 ( 27 25 -3.564 ( 0.009 -6.0 ( 0.4 -88 ( 1 -210 ( 20 50 -3.655 ( 0.009 -11.0 ( 0.3 -104 ( 1 -186 ( 13 75 -3.779 ( 0.008 -15.5 ( 0.4 -117 ( 1 -182 ( 8 100 -3.924 ( 0.008 -20.1 ( 0.4 -129 ( 1 -197 ( 14 125 -4.084 ( 0.009 -25.4 
